Neutrinos rotating around Abelian Higgs strings will generate a neutral current close to the string. As the string moves through the cosmic plasma, the velocity kick generated by the motion of the string will enhance the neutrino current in the wake region. The neutrino current density depends on its distance from the string and is oscillatory in nature. This leads to neutrino density gradients in the plasma. Such a flux of neutrinos with periodic density fluctuations will lead to electron currents in the plasma. The current will act like a cross-perturbation across the cosmic string wake. The perturbation as well as the high Reynolds number of the plasma will result in the generation of magnetic fields in the wake of the cosmic string.
I. INTRODUCTION
Abelian Higgs strings are linear topological defects generated in symmetry breaking phase transitions in the early universe due to the Kibble mechanism [1] . They are often considered the prototypical field theory to study the constraints imposed on the string defects by the recent data from the Cosmic Microwave Background (CMB) [2] . Recent studies look at the cosmological effects of these strings in the early universe. Detailed simulations have been performed which show the evolution of these strings [3] . It is well known that the motion of these cosmic strings generate wakes behind them [4] . Various signatures related to cosmic string wakes have also been discussed in the literature. [5, 6] .
In a recent work, it has been shown that particles that have mass can be trapped close to an Abelian Higgs string [7] . These particles have a finite angular momentum. The energy, angular momentum and the linear momentum have specific values for which the particles have closed orbits around the Abelian Higgs string. This basically leads to the trapping of the particles close to the string. Now, Abelian Higgs strings once formed will move through the cosmic plasma generating wakes behind them. The plasma around the cosmic string consists of many particles. The energy of these particles depend on the plasma temperature at that time. We are interested in studying neutrinos in the wakes of Abelian Higgs strings.
Since neutrinos have mass, for certain values of angular momentum and energy, they will rotate in closed orbits around a static Abelian Higgs string. We show that due to the inherent lepton asymmetry in the universe, the rotating neutrinos will give rise to a neutrino current close to the string. Generally, cosmic strings are not stationary in the early universe. So the motion of the string will impart a velocity kick to the neutrinos. The velocity kick imparted by the moving string will enhance the density gradients generated by the neutrino current.
As the string moves through the plasma, the neutrinos will interact with the background plasma. Now, non -uniform fluxes of neutrinos have been of interest in the case of supernova explosions, in this work we would like to study non-uniform neutrino currents in the wakes of cosmic strings. These non-uniform neutrino currents are said to generate inhomogeneities in the electron distribution in the background plasma due to the ponderomotive force [8, 9] .It has also been predicted that they can generate magnetic fields [10] . However, the description of the interaction as a ponderomotive force brought about criticism and other methods such as kinetic theory was used to look at the same interactions. They concluded that the neutrino gradient could lead to instabilities in the background plasma. Bento [11] did a recent study of the neutrino plasma interaction using quantum field theory methods which took into account the spin and chiral structure of the weak interaction. He concluded that the previous studies had taken into consideration only the gradient of the electron and neutrino densities, but failed to account for the vector currents. The time derivatives of the vector current also contribute to the dispersion relation. Though conditions were imposed on the neutrino fluxes generating instabilities in the supernova, all the studies did show that the inhomogeneous neutrino flux would generate an electric current due to the interaction between the neutrinos and the electrons. An electron current leads to charge separation in the plasma, given the high Reynolds numbers in the early universe, this would mean that magnetic fields would be generated in the wakes of these cosmic strings due to the presence of these neutrino gradients.
In section II we first review our understanding of cosmic string wakes. We then calculate the neutrino current around an Abelian Higgs string in section III. We discuss the generation of magnetic fields due to these neutrino currents in the cosmic string wakes in section IV.
In Section V, we present our conclusions.
II. WAKES DUE TO COSMIC STRINGS
As is well known, space is locally flat but globally conical around a cosmic string. If the string moves with a velocity v s in a particular direction in a plane, the particles moving along that plane will get a velocity perturbation ∆v due to the deficit angle of the string. Since the velocity perturbation will be towards the string, it leads to an overdensity behind the cosmic string which is generally referred to as the cosmic string wake [4] . Wake formation has been studied both analytically as well as numerically. Planar wake formation with both hot and cold dark matter has been studied. Since at one time wakes were one of the important candidates for structure formation therefore clustering of baryons in cosmic string wakes has also been studied. We briefly review the clustering of particles in cosmic string wakes in this section. Our emphasis is on the clustering of neutrinos and electrons in the wake region.
As mentioned before, cosmic string wakes arise due to the conical nature of space time around a cosmic string. A cosmic string has a deficit angle given by δθ = 8πGµ, where µ is the mass per unit length of the string. As the string moves forward, an observer behind the string would see matter streaming past it. Apart from the velocity of the particles, the particles also feel a velocity kick towards the center of the plane behind the string. The magnitude of the kick is given by δv = 4πGµv s γ s where v s is the velocity of the string and γ s is the relativistic factor. As more and more particles are kicked towards the string, an overdensity or wake is generated behind the string. A detailed description of wake formation is given in ref. [4] . We only mention some of the salient points here which are required for this work.
Strings generated in the early universe generally move at relativistic velocities. Long strings moving at such high velocities may get chopped into smaller loops. So a long string moving at a time t i will generate a wake whose dimensions are given by c
Here c 1 is a constant of order one [12] . The opening angle of the wake depends upon the deficit angle of the cosmic string.
The overdensity in the wake will lead to further accretion of matter, and in this way the wake will grow in thickness. Generally, the plasma is charge neutral and hence the overdensity too is charge neutral. Though the cosmic strings play a subdominant role in structure formation, the wakes due to the moving strings gives rise to distinct signatures in the background microwave radiation. This is due to the formation of shocks in cosmic string wakes. As the string moves through the plasma the velocity in the direction of motion is greater than the velocity in the other directions. Detailed analysis of string wakes have shown that shocks are generated in the wakes of strings [13] . In relativistic fluid flows, both "strong" shocks as well as "weak" shocks can be generated [14] . Shocks formed at high temperatures will have a narrow opening angle and a high overdensity, typically double the background density. As temperature goes down the shocks are more diffuse. Since the density of the plasma is related to the temperature, an overdensity in the shock will mean a temperature gradient in the plasma [15] . This temperature gradient ∇T can be calculated at a particular temperature of the plasma. But since the density is always higher in the shock so the temperature will also be higher there. Now for a general shock structure, the number density gradient and the temperature gradient are parallel to each other. However, this scenario will change for the case of neutrinos moving close to an Abelian Higgs string.
Due to the presence of the lepton asymmetry in the early universe, neutrino currents are generated close to the cosmic strings. In the next section, we will first describe the neutrino currents generated near the cosmic string and then in Section III we will describe how these currents create a number density gradient which is not aligned with the temperature gradient. This misalignment between the number density gradient and the temperature gradient will generate a magnetic field in the wake of the cosmic string.
III. NEUTRINO CURRENT DENSITY AROUND COSMIC STRINGS
Recent work on the Abelian Higgs model has shown that particles with mass cluster close to an Abelian Higgs string [7] . Based on the energy and angular momentum of the particles, one can obtain the overdensity around a stationary Abelian Higgs string. Since neutrinos have mass, they will also cluster around the Abelian Higgs string. These particles move around the string in orbits with a finite angular momentum. Some of them are trapped close to the string core, while others move in escape orbits depending on their energies.We will then have a large number of neutrinos rotating around the Abelian Higgs string as it moves through the plasma. The Fermi distribution of these neutrinos in a rotating system is given by
where Ω is the angular velocity, µ, is the chemical potential of the neutrinos, and m is the projection of the particle's total angular momentum on the direction of Ω and E is the energy of the neutrinos. The factor n takes on the values 1 or −1 depending on whether the neutrinos are more than the antineutrinos in the plasma. The Abelian Higgs string is cylindrical in shape so we use the cylindrical coordinates. The most general line element obeying all the symmetry properties pertaining to the Abelian Higgs string is given by
The factors L(r) and N (r) are determined by the boundary conditions.They are related to the values of the fields at a distance r from the axis of the string (the z axis in this case).
Our string moves in the x−y plane and there is a magnetic field along the z-axis whose value depends on the scalar and the vector potentials. The metric corresponds to a cylindrical metric with a deficit angle δθ as mentioned previously. The deficit angle far from the core of the string is proportional to the energy per unit length of the string. Further, the Lagrangian of the Abelian Higgs string is usually rescaled and written in terms of two dimensionless constants 8πGη 2 and λ e 2 . The deficit angle depends upon these two constants. The cosmic string has a finite width with a core of magnetic flux as well as a scalar core. The width of these cores are the inverse of the gauge boson mass and the Higgs mass respectively. The geodesics of the neutrinos around the cosmic string are open or closed circular orbits. So the neutrino particles appear to rotate about the z-axis. To obtain the neutrino current density around the cosmic string, we first need to calculate the appropriate spinor wave function
We start with the neutrino field equations in the metric of the cosmic string.
A suitable choice of Gamma matrices for this metric are,
Here we have considered N (r) = 1 as the particles are considered quite close to the string and their distance from the core is small. Using these Gamma matrices, we then solve the field equations by choosing the trial solution in the form,
Here E is the energy, p z in the component of momentum in the z direction and m is the projection of angular momentum along the z-axis. On solving the equations, we get
Here J m+1/2 (αr) are the Bessel functions. For a system with zero chemical potential ξ = η [16] . However, for a non zero chemical potential η = nξ. Since there is a lepton asymmetry in the early universe, we take η = nξ. The wavefunction is then given by,
The normalization condition for the wavefunction would be,
Once the wavefunction is obtained, one can obtain the neutrino current. The direction of the current is along the axis of the string i.e along the z-direction, however as the wavefunction depends on the distance from the string, the magnitude of the current also varies with the distance from the axis of the string. The current is given by,
So the current density as a function of r, (the distance from the string axis) is given by,
To obtain the neutrino current around the cosmic string we have to solve eqn.9. Since it is not possible to do it analytically, we obtain the solution numerically and plot it in fig 1.
For the numerical values of energy and momentum, we have taken the values from ref. [7] .
The values are chosen such that they give rise to clustering of particles around the string.
In dimensionless variables, they are E = 1.083, L 2 z = 0.025 and p z = 0.02. The current is oscillatory in nature and decreases with distance from the string. This solution is for a stationary string; but a cosmic string in the early universe is never really stationary. It moves through the plasma with a velocity v s mentioned before. Behind the string a wake is formed. Now the oscillatory neutrino distribution will thus change with time due to the velocity of the moving string. The overdensity behind the string will enhance the current further. As mentioned previously, generally the wake density is double the background density of the plasma. So the neutrino distribution will be less in front of the string while it will be much more behind the string. Both a spatial as well as a temporal gradient in neutrino density is thus generated in the plasma.
IV. NEUTRINO CURRENTS IN MOVING COSMIC STRING WAKES
As mentioned in the introduction, neutrino interaction with the background plasma has been studied previously. Initial studies by Bingham et. al. [8] showed that neutrino gradients in the early universe led to a ponderomotive force in the background plasma. The ponderomotive force was initially a force that occurred in a dielectric in an arbitrary nonuniform electric field. However, it was generalized in [9] to the interaction of any non uniform field with a background medium. The non-uniform field was the neutrino field and the background medium were the electrons. The ponderomotive force was due to the weak interaction between the neutrinos and the electrons in a high temperature plasma. They had shown that a force is exerted on the electrons due to the non-uniform distribution of neutrinos in the plasma. This is the generalized ponderomotive force. The electrons are thus forced to move away from the regions in which the neutrino density is higher. Considering only the electrons in the plasma, the ponderomotive force was given by [10] ,
Here n ν is the refractive index of neutrinos in plasma. However, the ponderomotive force obtained here only contained the terms proportional to the gradients of the neutrino number densities and not the term corresponding to the vector current. Bento [11] obtained the expression that included the terms due to the vector currents using a quantum field theory approach. The other approach was using the relativistic kinetic theory for describing the interaction between the neutrinos and the plasma [17] . They showed that for relativistic neutrino jets, plasma instabilities can develop with growth rates of the order of Fermi constant G F . In all these studies, it was well established that a electromagnetic current is generated.
The interaction term in the Lagrangian leads to the force on the electron and both weakelectric and weak-magnetic fields are generated as well as the familiar electromagnetic fields.
The electromagnetic fields are given by
The weak-electric and weak magnetic fields are given by,
It is thus established that the neutrino gradient does result in a charge separation in the plasma. The neutrino current in the plasma will thus generate an electron current in the shock wave.
Now we look at our specific case, in our case, behind the cosmic string we have a nonuniform stream of neutrino current. The cosmic string is generated very early in the universe. Once created the string moves through the plasma generating a wake behind it. Apart from the neutrinos the early universe plasma contains a large number density of electrons.
Depending on the temperature of the surrounding plasma in the early universe, the other particles may be quark and gluons (for temperatures above the quark -hadron phase transition ) or the neutrons and protons (for temperatures below the quark hadron temperature).
We will first look at very high temperatures in the GeV range. The background particles will then be given by the quarks and the leptons. At these temperatures, the particles in the plasma, experience both strongly coupled forces as well as weakly coupled forces. In such a plasma, perturbative calculations and the quasi-particle description used in deriving the generalized ponderomotive force in the literature [9, 10] is not valid. A study by Muller et.
al. [18] has shown that in a high temperature plasma, the shear viscosity of the leptons is dominated by the interaction between the leptons and the quarks. Thus the thermal leptons form a more viscous fluid than the quarks. At lower temperatures below the quark hadron transition, the plasma consists of the leptons and the neutrons/protons. The lower temperature plasma is well studied. The velocity of the cosmic string being lower, the plasma can be considered to be non-relativistic. Neutrino plasma interaction in non-relativistic plasmas has been studied in the two fluid hydrodynamic description. Since both at high temperature and at low temperature, the plasma interaction can be considered as a two fluid hydrodynamic description, we will use this to explain how magentic fields can be generated in the string wakes at any temperature due to the presence of the neutrino density gradients.
As has been established in previous studies the neutrino gradient exerts pressure and results in a local charge separation in the plasma. This leads to a current in the plasma.
The current is like a cross-perturbation across the shock. The perturbation is in the form of density gradients in the direction of shock motion. Such perturbations have been studied both numerically and experimentally in the classical regime. There are however no studies for such perturbations for relativistic shocks. Generally if the perturbation is small, the shock remains stable, though the perturbation itself can be accelerated in the direction of the shock. The fact that the leptons in the quark gluon plasma behave as a fluid with a higher viscosity means that accelerated neutrinos may generate shear induced vorticity in the plasma. A better understanding can only be obtained by a numerical simulation which is beyond the scope of this current work.
The angle of scattering between the neutrinos and the background plasma determines whether an instability will be generated in the plasma. In this case, there is no head on collision between the neutrino current and the string wake. The angle of scattering is closer to π/2. A detailed study has shown that for small scattering angle, the elastic process dominates and energy is transferred from the neutrinos to the plasma, however here in this case. the angles close to π/2 are the ones that dominate the collisions. This means that not much energy is transferred from the neutrinos to the plasma. So no instability is expected to be generated in the plasma. However, the Reynolds number in the plasma is very high. So we have shear induced vorticity in the plasma as well as a high Reynolds number, therefore localized magnetic fields are generated in the string's wake by the Biermann battery mechanism. In a two-fluid description of the plasma with massless electrons, the magnetic field evolution, as given by the Biermann battery mechanism is [19] ,
Here, v is the fluid velocity, n is the number density of the electrons, T e is the electron temperature and η res is the resistivity of the plasma. The last term on the right hand side is the Biermann battery term. In the case where there is no magnetic field ( B e = 0), this term generates the magentic field due to the misalignment between the the density and the temperature gradients of the electrons. We now demontrate why the density gradient and the temperature gradient would be misaligned due to the neutrino currents in the shocks of the cosmic strings. Let us assume that the string is moving in the y -direction in the x-y plane. The shock is therefore stretched along the y axis with a small width in the x-axis. The temperature difference between the overdensity and the background plasma is primarily along the x-axis. Now, as mentioned before, the neutrino current exerts a force on the electrons which pushes them into regions where there are less neutrinos, so the electron gradients will be complementary to the neutrino gradient caused by the Abelian Higgs strings. This means that if the string was moving in the y-direction, they would also be in the y-direction. Fig 1. plots the neutrino density with respect to αr, where r is the radial distance away from the string, since r = x 2 + y 2 , the neutrino gradient and the temperature gradient will not be parallel to each other. Since the neutrino gradient and the electron gradient will be complimentary to each other, therefore, the Biermann battery term will give rise to a small but finite magnetic field. There is also the chance that B e will have a small value due to the interaction of the neutrinos with the background plasma.
Though the generated magnetic fields may be small they will be enhanced by the turbulence generated by the shock as it passes through the plasma. A detailed numerical simulation can give some actual estimates of the generated magnetic field.
V. SUMMARY AND CONCLUSIONS
In this work, we have shown that Abelian Higgs strings moving through the plasma generate a neutrino current which has density gradients in the direction of motion of the string. The wake formed behind the string therefore has a cross perturbation across it.
This cross-perturbation creates density discontinuities in the wake. These can be looked as interfaces through which the wakes pass. At very high temperatures, shocks are formed in the wakes of cosmic strings. As the shocks cross the interface, the magnitude of the neutrino current is too small to generate an instability but the particles in the interface are accelerated by the shock wave. Due to the neutrino -electron interaction in the plasma, an electron current is generated in the plasma. The difference in the viscosity of the neutrino-electron fluid and the neutrino -quark fluid will generate vorticity in the shocks. The Reynolds number of the plasma being high at these temperature, this could lead to the generation of magnetic fields in the shocks of Abelian Higgs strings by the Biermann mechanism.
At lower temperatures i.e after the quark -hadron phase transition, the plasma consists of the heavier hadrons (neutron/proton) and the lighter leptons. The shock formed behind the string will again have a cross-perturbation. Now, the collision angle between the shock and the neutrinos will be closer to π 2
, hence the energy transfer to the plasma will be less. Again no instabilities develop but an electric current is generated which will lead to the generation of a magnetic field. This seems to indicate that the motion of Abelian Higgs strings will always generate accelerated particles and magnetic fields in their wake. A detailed simulation of the wake structure including the neutrino current will give an idea of the magnitudes of the fields generated. That is beyond the scope of our current work.
In conclusion, neutrino currents around Abelian Higgs string act as a cross perturbation to the wakes generated by the strings. This cross -perturbation leads to the generation of magnetic fields in the wakes of the string at all temperatures. The interaction of a neutrino current with a plasma has been studied before in the context of supernova blasts. There the idea was to generate an instability due to the interaction of the neutrino current and the plasma. In the case of cosmic string, no instability is generated in the shocks at any temperature. Instead, the electron current which is generated by the interaction of the neutrinos with the plasma is of primary importance. The electron current leads to charge separation and the generation of a magnetic field. So Abelian Higgs strings will always generate magnetic fields in the wakes behind them. This can occur at all temperatures in the early universe. We plan to do detailed simulations at a later stage to see if these fields can be the seed magnetic fields that are required to generate the current magnetic fields in the universe.
